Search for charged Higgs bosons in decays of top quarks in p-pbar



















Search for charged Higgs bosons in decays of top quarks
in pp¯ collisions at
√
s = 1.96 TeV
T. Aaltonen,24 J. Adelman,14 T. Akimoto,56 B. A´lvarez Gonza´lezq,12 S. Ameriow,44 D. Amidei,35 A. Anastassov,39
A. Annovi,20 J. Antos,15 G. Apollinari,18 A. Apresyan,49 T. Arisawa,58 A. Artikov,16 W. Ashmanskas,18 A. Attal,4
A. Aurisano,54 F. Azfar,43 P. Azzurriz,47 W. Badgett,18 A. Barbaro-Galtieri,29 V.E. Barnes,49 B.A. Barnett,26
V. Bartsch,31 G. Bauer,33 P.-H. Beauchemin,34 F. Bedeschi,47 D. Beecher,31 S. Behari,26 G. Bellettinix,47
J. Bellinger,60 D. Benjamin,17 A. Beretvas,18 J. Beringer,29 A. Bhatti,51 M. Binkley,18 D. Bisellow,44 I. Bizjakcc,31
R.E. Blair,2 C. Blocker,7 B. Blumenfeld,26 A. Bocci,17 A. Bodek,50 V. Boisvert,50 G. Bolla,49 D. Bortoletto,49
J. Boudreau,48 A. Boveia,11 B. Braua,11 A. Bridgeman,25 L. Brigliadori,44 C. Bromberg,36 E. Brubaker,14
J. Budagov,16 H.S. Budd,50 S. Budd,25 S. Burke,18 K. Burkett,18 G. Busettow,44 P. Bussey,22 A. Buzatu,34
K. L. Byrum,2 S. Cabreras,17 C. Calancha,32 M. Campanelli,36 M. Campbell,35 F. Canelli14,18 A. Canepa,46
B. Carls,25 D. Carlsmith,60 R. Carosi,47 S. Carrillol,19 S. Carron,34 B. Casal,12 M. Casarsa,18 A. Castrov,6
P. Catastiniy,47 D. Cauzbb,55 V. Cavalierey,47 M. Cavalli-Sforza,4 A. Cerri,29 L. Cerritom,31 S.H. Chang,28
Y.C. Chen,1 M. Chertok,8 G. Chiarelli,47 G. Chlachidze,18 F. Chlebana,18 K. Cho,28 D. Chokheli,16
J.P. Chou,23 G. Choudalakis,33 S.H. Chuang,53 K. Chung,13 W.H. Chung,60 Y.S. Chung,50 T. Chwalek,27
C.I. Ciobanu,45 M.A. Ciocciy,47 A. Clark,21 D. Clark,7 G. Compostella,44 M.E. Convery,18 J. Conway,8
M. Cordelli,20 G. Cortianaw,44 C.A. Cox,8 D.J. Cox,8 F. Cresciolix,47 C. Cuenca Almenars,8 J. Cuevasq,12
R. Culbertson,18 J.C. Cully,35 D. Dagenhart,18 M. Datta,18 T. Davies,22 P. de Barbaro,50 S. De Cecco,52
A. Deisher,29 G. De Lorenzo,4 M. Dell’Orsox,47 C. Deluca,4 L. Demortier,51 J. Deng,17 M. Deninno,6
P.F. Derwent,18 G.P. di Giovanni,45 C. Dionisiaa,52 B. Di Ruzzabb,55 J.R. Dittmann,5 M. D’Onofrio,4 S. Donatix,47
P. Dong,9 J. Donini,44 T. Dorigo,44 S. Dube,53 J. Efron,40 A. Elagin,54 R. Erbacher,8 D. Errede,25 S. Errede,25
R. Eusebi,18 H.C. Fang,29 S. Farrington,43 W.T. Fedorko,14 R.G. Feild,61 M. Feindt,27 J.P. Fernandez,32
C. Ferrazzaz,47 R. Field,19 G. Flanagan,49 R. Forrest,8 M.J. Frank,5 M. Franklin,23 J.C. Freeman,18 I. Furic,19
M. Gallinaro,52 J. Galyardt,13 F. Garberson,11 J.E. Garcia,21 A.F. Garfinkel,49 K. Genser,18 H. Gerberich,25
D. Gerdes,35 A. Gessler,27 S. Giaguaa,52 V. Giakoumopoulou,3 P. Giannetti,47 K. Gibson,48 J.L. Gimmell,50
C.M. Ginsburg,18 N. Giokaris,3 M. Giordanibb,55 P. Giromini,20 M. Giuntax,47 G. Giurgiu,26 V. Glagolev,16
D. Glenzinski,18 M. Gold,38 N. Goldschmidt,19 A. Golossanov,18 G. Gomez,12 G. Gomez-Ceballos,33
M. Goncharov,33 O. Gonza´lez,32 I. Gorelov,38 A.T. Goshaw,17 K. Goulianos,51 A. Greselew,44 S. Grinstein,23
C. Grosso-Pilcher,14 R.C. Group,18 U. Grundler,25 J. Guimaraes da Costa,23 Z. Gunay-Unalan,36 C. Haber,29
K. Hahn,33 S.R. Hahn,18 E. Halkiadakis,53 B.-Y. Han,50 J.Y. Han,50 F. Happacher,20 K. Hara,56 D. Hare,53
M. Hare,57 S. Harper,43 R.F. Harr,59 R.M. Harris,18 M. Hartz,48 K. Hatakeyama,51 C. Hays,43 M. Heck,27
A. Heijboer,46 J. Heinrich,46 C. Henderson,33 M. Herndon,60 J. Heuser,27 S. Hewamanage,5 D. Hidas,17
C.S. Hillc,11 D. Hirschbuehl,27 A. Hocker,18 S. Hou,1 M. Houlden,30 S.-C. Hsu,29 B.T. Huffman,43 R.E. Hughes,40
U. Husemann,61 M. Hussein,36 J. Huston,36 J. Incandela,11 G. Introzzi,47 M. Ioriaa,52 A. Ivanov,8 E. James,18
D. Jang,13 B. Jayatilaka,17 E.J. Jeon,28 M.K. Jha,6 S. Jindariani,18 W. Johnson,8 M. Jones,49 K.K. Joo,28
S.Y. Jun,13 J.E. Jung,28 T.R. Junk,18 T. Kamon,54 D. Kar,19 P.E. Karchin,59 Y. Kato,42 R. Kephart,18 J. Keung,46
V. Khotilovich,54 B. Kilminster,18 D.H. Kim,28 H.S. Kim,28 H.W. Kim,28 J.E. Kim,28 M.J. Kim,20 S.B. Kim,28
S.H. Kim,56 Y.K. Kim,14 N. Kimura,56 L. Kirsch,7 S. Klimenko,19 B. Knuteson,33 B.R. Ko,17 K. Kondo,58
D.J. Kong,28 J. Konigsberg,19 A. Korytov,19 A.V. Kotwal,17 M. Kreps,27 J. Kroll,46 D. Krop,14 N. Krumnack,5
M. Kruse,17 V. Krutelyov,11 T. Kubo,56 T. Kuhr,27 N.P. Kulkarni,59 M. Kurata,56 S. Kwang,14 A.T. Laasanen,49
S. Lami,47 S. Lammel,18 M. Lancaster,31 R.L. Lander,8 K. Lannonp,40 A. Lath,53 G. Latinoy,47 I. Lazzizzeraw,44
T. LeCompte,2 E. Lee,54 H.S. Lee,14 S.W. Leer,54 S. Leone,47 J.D. Lewis,18 C.-S. Lin,29 J. Linacre,43 M. Lindgren,18
E. Lipeles,46 A. Lister,8 D.O. Litvintsev,18 C. Liu,48 T. Liu,18 N.S. Lockyer,46 A. Loginov,61 M. Loretiw,44
L. Lovas,15 D. Lucchesiw,44 C. Luciaa,52 J. Lueck,27 P. Lujan,29 P. Lukens,18 G. Lungu,51 L. Lyons,43 J. Lys,29
R. Lysak,15 D. MacQueen,34 R. Madrak,18 K. Maeshima,18 K. Makhoul,33 T. Maki,24 P. Maksimovic,26 S. Malde,43
S. Malik,31 G. Mancae,30 A. Manousakis-Katsikakis,3 F. Margaroli,49 C. Marino,27 C.P. Marino,25 A. Martin,61
V. Martink,22 M. Mart´ınez,4 R. Mart´ınez-Ballar´ın,32 T. Maruyama,56 P. Mastrandrea,52 T. Masubuchi,56
M. Mathis,26 M.E. Mattson,59 P. Mazzanti,6 K.S. McFarland,50 P. McIntyre,54 R. McNultyj ,30 A. Mehta,30
P. Mehtala,24 A. Menzione,47 P. Merkel,49 C. Mesropian,51 T. Miao,18 N. Miladinovic,7 R. Miller,36 C. Mills,23
M. Milnik,27 A. Mitra,1 G. Mitselmakher,19 H. Miyake,56 N. Moggi,6 C.S. Moon,28 R. Moore,18 M.J. Morellox,47
2J. Morlock,27 P. Movilla Fernandez,18 J. Mu¨lmensta¨dt,29 A. Mukherjee,18 Th. Muller,27 R. Mumford,26 P. Murat,18
M. Mussiniv,6 J. Nachtman,18 Y. Nagai,56 A. Nagano,56 J. Naganoma,56 K. Nakamura,56 I. Nakano,41 A. Napier,57
V. Necula,17 J. Nett,60 C. Neut,46 M.S. Neubauer,25 S. Neubauer,27 J. Nielseng,29 L. Nodulman,2 M. Norman,10
O. Norniella,25 E. Nurse,31 L. Oakes,43 S.H. Oh,17 Y.D. Oh,28 I. Oksuzian,19 T. Okusawa,42 R. Orava,24
K. Osterberg,24 S. Pagan Grisow,44 E. Palencia,18 V. Papadimitriou,18 A. Papaikonomou,27 A.A. Paramonov,14
B. Parks,40 S. Pashapour,34 J. Patrick,18 G. Paulettabb,55 M. Paulini,13 C. Paus,33 T. Peiffer,27 D.E. Pellett,8
A. Penzo,55 T.J. Phillips,17 G. Piacentino,47 E. Pianori,46 L. Pinera,19 K. Pitts,25 C. Plager,9 L. Pondrom,60
O. Poukhov∗,16 N. Pounder,43 F. Prakoshyn,16 A. Pronko,18 J. Proudfoot,2 F. Ptohosi,18 E. Pueschel,13
G. Punzix,47 J. Pursley,60 J. Rademackerc,43 A. Rahaman,48 V. Ramakrishnan,60 N. Ranjan,49 I. Redondo,32
P. Renton,43 M. Renz,27 M. Rescigno,52 S. Richter,27 F. Rimondiv,6 L. Ristori,47 A. Robson,22 T. Rodrigo,12
T. Rodriguez,46 E. Rogers,25 S. Rolli,57 R. Roser,18 M. Rossi,55 R. Rossin,11 P. Roy,34 A. Ruiz,12 J. Russ,13
V. Rusu,18 H. Saarikko,24 A. Safonov,54 W.K. Sakumoto,50 O. Salto´,4 L. Santibb,55 S. Sarkaraa,52 L. Sartori,47
K. Sato,18 A. Savoy-Navarro,45 P. Schlabach,18 A. Schmidt,27 E.E. Schmidt,18 M.A. Schmidt,14 M.P. Schmidt∗,61
M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12 A. Scribanoy,47 F. Scuri,47 A. Sedov,49 S. Seidel,38 Y. Seiya,42
A. Semenov,16 L. Sexton-Kennedy,18 F. Sforza,47 A. Sfyrla,25 S.Z. Shalhout,59 T. Shears,30 P.F. Shepard,48
M. Shimojimao,56 S. Shiraishi,14 M. Shochet,14 Y. Shon,60 I. Shreyber,37 A. Sidoti,47 P. Sinervo,34 A. Sisakyan,16
A.J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57 J.R. Smith,8 F.D. Snider,18 R. Snihur,34 A. Soha,8 S. Somalwar,53
V. Sorin,36 J. Spalding,18 T. Spreitzer,34 P. Squillaciotiy,47 M. Stanitzki,61 R. St. Denis,22 B. Stelzer,34
O. Stelzer-Chilton,34 D. Stentz,39 J. Strologas,38 G.L. Strycker,35 D. Stuart,11 J.S. Suh,28 A. Sukhanov,19
I. Suslov,16 T. Suzuki,56 A. Taffardf ,25 R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41 M. Tecchio,35 P.K. Teng,1
K. Terashi,51 J. Thomh,18 A.S. Thompson,22 G.A. Thompson,25 E. Thomson,46 P. Tipton,61 P. Ttito-Guzma´n,32
S. Tkaczyk,18 D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18 S. Torre,20 D. Torretta,18
P. Totarobb,55 S. Tourneur,45 M. Trovato,47 S.-Y. Tsai,1 Y. Tu,46 N. Turiniy,47 F. Ukegawa,56 S. Vallecorsa,21
N. van Remortelb,24 A. Varganov,35 E. Vatagaz,47 F. Va´zquezl,19 G. Velev,18 C. Vellidis,3 M. Vidal,32 R. Vidal,18
I. Vila,12 R. Vilar,12 T. Vine,31 M. Vogel,38 I. Volobouevr,29 G. Volpix,47 P. Wagner,46 R.G. Wagner,2
R.L. Wagner,18 W. Wagneru,27 J. Wagner-Kuhr,27 T. Wakisaka,42 R. Wallny,9 S.M. Wang,1 A. Warburton,34
D. Waters,31 M. Weinberger,54 J. Weinelt,27 W.C. Wester III,18 B. Whitehouse,57 D. Whitesonf ,46 A.B. Wicklund,2
E. Wicklund,18 S. Wilbur,14 G. Williams,34 H.H. Williams,46 P. Wilson,18 B.L. Winer,40 P. Wittichh,18
S. Wolbers,18 C. Wolfe,14 T. Wright,35 X. Wu,21 F. Wu¨rthwein,10 S. Xie,33 A. Yagil,10 K. Yamamoto,42
J. Yamaoka,17 U.K. Yangn,14 Y.C. Yang,28 W.M. Yao,29 G.P. Yeh,18 J. Yoh,18 K. Yorita,58 T. Yoshida,42
G.B. Yu,50 I. Yu,28 S.S. Yu,18 J.C. Yun,18 L. Zanelloaa,52 A. Zanetti,55 X. Zhang,25 Y. Zhengd,9 and S. Zucchelliv,6
(CDF Collaboration†)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439
3University of Athens, 157 71 Athens, Greece
4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798
6Istituto Nazionale di Fisica Nucleare Bologna, vUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254
8University of California, Davis, Davis, California 95616
9University of California, Los Angeles, Los Angeles, California 90024
10University of California, San Diego, La Jolla, California 92093
11University of California, Santa Barbara, Santa Barbara, California 93106
12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, PA 15213
14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708
18Fermi National Accelerator Laboratory, Batavia, Illinois 60510
19University of Florida, Gainesville, Florida 32611
20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland
22Glasgow University, Glasgow G12 8QQ, United Kingdom
23Harvard University, Cambridge, Massachusetts 02138
324Division of High Energy Physics, Department of Physics,
University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
25University of Illinois, Urbana, Illinois 61801
26The Johns Hopkins University, Baltimore, Maryland 21218
27Institut fu¨r Experimentelle Kernphysik, Universita¨t Karlsruhe, 76128 Karlsruhe, Germany
28Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,
Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information, Daejeon,
305-806, Korea; Chonnam National University, Gwangju, 500-757, Korea
29Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720
30University of Liverpool, Liverpool L69 7ZE, United Kingdom
31University College London, London WC1E 6BT, United Kingdom
32Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
33Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
34Institute of Particle Physics: McGill University, Montre´al, Que´bec,
Canada H3A 2T8; Simon Fraser University, Burnaby, British Columbia,
Canada V5A 1S6; University of Toronto, Toronto, Ontario,
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3
35University of Michigan, Ann Arbor, Michigan 48109
36Michigan State University, East Lansing, Michigan 48824
37Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia
38University of New Mexico, Albuquerque, New Mexico 87131
39Northwestern University, Evanston, Illinois 60208
40The Ohio State University, Columbus, Ohio 43210
41Okayama University, Okayama 700-8530, Japan
42Osaka City University, Osaka 588, Japan
43University of Oxford, Oxford OX1 3RH, United Kingdom
44Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, wUniversity of Padova, I-35131 Padova, Italy
45LPNHE, Universite Pierre et Marie Curie/IN2P3-CNRS, UMR7585, Paris, F-75252 France
46University of Pennsylvania, Philadelphia, Pennsylvania 19104
47Istituto Nazionale di Fisica Nucleare Pisa, xUniversity of Pisa,
yUniversity of Siena and zScuola Normale Superiore, I-56127 Pisa, Italy
48University of Pittsburgh, Pittsburgh, Pennsylvania 15260
49Purdue University, West Lafayette, Indiana 47907
50University of Rochester, Rochester, New York 14627
51The Rockefeller University, New York, New York 10021
52Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
aaSapienza Universita` di Roma, I-00185 Roma, Italy
53Rutgers University, Piscataway, New Jersey 08855
54Texas A&M University, College Station, Texas 77843
55Istituto Nazionale di Fisica Nucleare Trieste/Udine,
I-34100 Trieste, bbUniversity of Trieste/Udine, I-33100 Udine, Italy
56University of Tsukuba, Tsukuba, Ibaraki 305, Japan
57Tufts University, Medford, Massachusetts 02155
58Waseda University, Tokyo 169, Japan
59Wayne State University, Detroit, Michigan 48201
60University of Wisconsin, Madison, Wisconsin 53706
61Yale University, New Haven, Connecticut 06520
(Dated: November 12, 2018)
We report on the first direct search for charged Higgs bosons decaying into cs¯ in tt¯ events produced
by pp¯ collisions at
√
s = 1.96 TeV. The search uses a data sample corresponding to an integrated
luminosity of 2.2 fb−1 collected by the CDF II detector at Fermilab and looks for a resonance in the
invariant mass distribution of two jets in the lepton+jets sample of tt¯ candidates. We observe no
evidence of charged Higgs bosons in top quark decays. Hence, 95% upper limits on the top quark
decay branching ratio are placed at B(t → H+b) < 0.1 to 0.3 for charged Higgs boson masses of
60 to 150 GeV/c2 assuming B(H+ → cs¯) = 1.0. The upper limits on B(t → H+b) are also used
as model-independent limits on the decay branching ratio of top quarks to generic scalar charged
bosons beyond the standard model.
PACS numbers: 11.30.Pb,12.60.Jv,14.65.Ha,14.80.Cp
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4The standard model (SM) is remarkably successful in
describing the fundamental particles and their interac-
tions. Nevertheless, it is an incomplete theory. An im-
portant unresolved question is the mechanism of elec-
troweak symmetry breaking (EWSB). In the SM, a sin-
gle complex scalar doublet field breaks the symmetry, re-
sulting in massive electroweak gauge bosons and a single
observable Higgs boson [1]. To date, the Higgs boson has
not been discovered, and consequently the mechanism of
EWSB remains in question.
Beyond the SM, many diverse hypotheses with ex-
tended Higgs sectors have been proposed to explain
EWSB. The simplest extension is a two Higgs-doublet
model (2HDM). The minimal supersymmetric standard
model (MSSM) employs the type-II 2HDM, where at
leading order one doublet couples to the up-type fermions
and the other couples to the down-type fermions [2].
The two Higgs doublet fields manifest themselves as
two charged Higgs bosons (H±) and three neutral Higgs
bosons (h, H , A).
In 2HDM and MSSM, the top quark is allowed to decay
into a charged Higgs boson (H+) [3] and a bottom quark.
The tree level branching ratio of top quarks toH+, B(t→
H+b), is a function of the H+ mass (mH+) and tanβ.
The parameter tanβ is the ratio of vacuum expectation
values of the two Higgs doublets. In MSSM, B(t→ H+b)
also depends on extra parameters related to the masses
and couplings of the other supersymmetric particles. The
B(t → H+b) is relatively large if tanβ is small (. 1) or
large (& 15) [4]. At low tanβ, H+ predominantly decays
into cs¯ for low mH+ (. 130 GeV/c
2) and t∗b¯ (→ Wbb¯)
[5] for higher mH+ . In the high tanβ region, the H
+
decays into τ+ν almost 100% of the time.
At Tevatron collider experiments, H+ searches have
been performed for the H+ → τ ν¯ in tt¯ decays. Some
searches placed direct upper limits on B(t → H+b) by
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taking advantage of the expectation that B(H+ → τ ν¯)
= 1.0 at high tanβ [6]. Other searches set limits on the
MSSM parameter plane (mH+ , tanβ) using inclusiveH
+
decay branching ratios in the MSSM [7]. The variousH+
final states supplement the SM tt¯ decay channels. The
previous searches focused on measuring deviations from
the SM prediction for the tt¯ production and decay, rather
than reconstructing H+ bosons.
In this Letter, we report on the first direct search for
H+ → cs¯ produced in top quark decays by fully recon-
structing the cs¯ mass. The final state of H+ → cs¯ is
mostly two jets, as is the hadronic decay of the W boson
[8] in SM top quark decays. The search is performed by
looking for a second peak in the dijet mass spectrum (in
addition to that from the W boson) in top quark decays.
In the SM, each top quark decays into a W boson and
a b-quark exclusively. In this analysis we use the lep-
ton+jets tt¯ sample [9], where in the SM one W decays
to quarks (qq¯′) and the other W decays to eν¯ or µν¯.
Each final-state quark is assumed to form a hadronic jet;
the jets are clustered using a cone algorithm with a cone
radius ∆R (=
√
(∆η)2 + (∆φ)2) of 0.4 [10]. This lep-
ton+jets sample has a good signal-to-background ratio
for tt¯ and is ideal for dijet mass analysis.
The CDF II experiment at the Fermilab Tevatron mea-
sures the products of proton-antiproton collisions at
√
s
= 1.96 TeV. The lepton momentum is measured using
an eight-layer silicon microstrip detector and a cylindri-
cal drift chamber immersed in a 1.4 T magnetic field.
The energies of electrons and jets are measured using
calorimeters with acceptance up to pseudorapidity as of
|η| = 3.6 [11]. Charged particle detectors outside the
calorimeter identify muon candidates up to |η| = 1.0.
Details of CDF II can be found elsewhere [12].
Lepton+jets tt¯ events are selected by requiring an elec-
tron or a muon with pT > 20 GeV within |η|=1 and by
requiring missing transverse energy larger than 20 GeV
to account for the neutrino [13]. Then, the four most
energetic jets (called leading jets) within |η| < 2.0 are
required to have ET > 20 GeV after jet energy correc-
tions [10]. In addition, at least two of the leading jets
are required to contain a long-lived hadron containing a
b-quark [14] by demanding that these jets contain tracks
forming a displaced secondary vertex (called a b-tag).
The SM processes are regarded as backgrounds for the
H+ search. The largest background isW bosons in SM tt¯
events (92% of the total background). The rest of the SM
processes are referred to as non-tt¯ backgrounds. These
include W+jets, multijets, Z+jets, diboson (WW , WZ,
ZZ), and single top events. Details of the non-tt¯ back-
ground estimation method are given in [14]. Assuming a
tt¯ cross section of 6.7 pb [15] and a top quark mass of 175
GeV/c2, we expect 152.6 ± 25.0 events from SM tt¯ pro-
duction and 13.9 ± 7.5 events from non-tt¯ backgrounds
in the 2.2 fb−1 CDF II data sample.
The mass of theH+ candidate is directly reconstructed
5using the two jets. The mass resolution is improved by
reconstructing the tt¯ event as a whole with a kinematic
fitter used for the precision top quark mass measurement
described in Ref. [12]. The original kinematic fitter is
modified for the H+ search. In the fitter, the lepton, the
missing ET (from a neutrino), and the four leading jets
are assigned to the decay particles from the tt¯ event, and























The χ2 is minimized by constraining leptonic W fi-
nal state (lν) to have the W invariant mass (80.4
GeV/c2) [16] and both top quark final states (blν and
bjj) to have the same top quark mass of 175 GeV/c2. No
constraint is imposed on the dijet mass of the hadronic
boson (jj). In the mass constraints, the transverse ener-
gies of the final-state objects (pi,measT ) are allowed to vary
within measurement uncertainties (σi). The unclustered
energy (pUE,measj ) is the sum of measured transverse en-
ergies not included in the leading jets ET and is used to
correct the missing ET . In the jet assignment, b-tagged
jets are assigned to the b-quarks. The jets assigned to
the b-quarks are called b-jets, and the other two jets are
called h-jets. If the tt¯ event has more than two b-tagged
jets, the jets with the best χ2 are assigned to b-quarks.
Then, we reconstruct the mass of hadronic boson using
two h-jets with fit energies (pi,fitT ). In this kinematic event
reconstruction, only 55% of the SM tt¯ events have cor-
rectly matching jets. The wrong jet-parton assignments
dominantly come from hard radiation jets which are se-
lected as leading jets and from the falsely b-tagged jets
originating from the hadronic decays of W bosons.
The expected dijet mass distributions of H+ andW in
top quark decays are produced using the pythia gener-
ator [17] and the full CDF II detector simulation. The
alpgen generator [18] with the pythia parton shower
simulation is used for non-tt¯ backgrounds. In the simu-
lation sample, the H+ is forced to decay solely into cs¯
with zero width and with masses ranging from 60 to 150
GeV/c2.
The simulation shows that the reconstructed H+ has a
significant low-mass tail, which is predominantly caused
by final-state gluon radiation (FSR) from the hadronic
decays of the Higgs boson. The hard FSR results in more
than four final-state jets in a lepton+jets tt¯ event. To
recover the energy loss due to the FSR, the fifth most
energetic jet is merged with the closest jet among the
four leading ones if the pair has a ∆R distance smaller
than 1.0, provided that the fifth most energetic jet has
ET > 12 GeV and |η| <2.4. Merging the fifth jet results
in better jet energy resolution and improves the mH+
resolution by approximately 5% in more than four final
jets events for 120 GeV/c2 Higgs sample.
In the CDF II data sample of 2.2 fb−1, we observe
200 tt¯ candidates in the lepton+jets decay channel. No
significant excess is observed in the dijet invariant mass
of top quark decays. Figure 1 shows that the observed
dijet mass distribution agrees with the SM expectations.
Hence, we extract upper limits on B(t → H+b) using a
binned likelihood fit on the dijet mass distribution.
]2M(dijet) [GeV/c
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FIG. 1: Observed dijet mass distribution (crosses) compared
with background distributions ofW bosons (filled) and non-tt¯
processes (cross hatched) in CDF II data sample of 2.2 fb−1;
the background distributions are added on top of each other.
An example of the dijet mass distribution from 120 GeV/c2
H+ bosons (bold line) is overlaid assuming B(t → H+b) =
0.1, which is about the 95% C.L. upper limit on B(t→ H+b).








The probability of finding events in the mass bin i
comes from a set of simulated dijet mass distributions
of H+, W , and non-tt¯ backgrounds. These distribu-
tions are called templates. The Poisson probability (P i)
in each bin is computed from the number of observed




× NH+ + P iW × NW + P ibkg × Nbkg, where
NH+ , NW , and Nbkg are parameters representing the to-
tal number of events in each template category. The
minimization of − lnL gives the most probable values
for NH+ , NW , and Nbkg. In the LH fit, NH+ and NW
are free to vary, however, the non-tt¯ background (Nbkg)
is estimated independently and is allowed to vary within
its Gaussian uncertainty (σNbkg ). Based on the number
of events from the LH fit, a B(t → H+b) is extracted
6assuming B(H+ → cs¯) = 1. In Figure 1, dijet mass dis-
tributions of the SM events are normalized by the like-
lihood fit to the observed dijet mass distribution with
B(t→ H+b) fixed to 0.
The sources of systematic uncertainty in the extracted
B(t→ H+b) include uncertainties in the jet energy scale
corrections [10], initial state and final-state radiation,
modeling of the non-tt¯ background, choice of event gen-
erators in simulation. These systematic sources perturb
the shape of the dijet mass and cause a shift in the result
of the LH fit. The shift in the resulting B(t → H+b) is
estimated using “pseudoexperiments” of the perturbed
and unperturbed dijet mass distributions for each sys-
tematic source; the pseudoexperiments are generated by
the bin-to-bin Poisson fluctuations of the simulated di-
jet mass distributions. The dominant systematic uncer-
tainty originates from the choice of event generators in
the simulation, unless mH+ is close to mW , in which case
the jet energy scale uncertainty dominates. The other
systematic uncertainties from data/Monte Carlo differ-
ences in b-tagging rates and top quark mass constraints
in tt¯ reconstruction are negligible compared to the un-
certainties from the perturbed dijet mass shape.
The individual systematic uncertainties are com-
bined in quadrature. The total systematic uncertainty
(∆B(t → H+b)) is represented by a nuisance parameter
which adds to the branching ratio and has a Gaussian
prior PDF with width ∆B(t→ H+b). We eliminate this
nuisance parameter by Bayesian marginalization [19] and
obtain a posterior PDF in B(t → H+b) assuming a uni-
form prior PDF in 0 ≤ B(t → H+b) ≤ 1. The expected
upper limits on B(t → H+b) with 95% C.L. are derived
from a thousand pseudoexperiments using the SM back-
grounds events for each mH+ .
The upper limits on B(t → H+b) at 95% C.L. show
a good agreement between the observation and the SM
expectation. The upper limits in Figure 2 includes the
systematic uncertainty in B(t → H+b). Since the LH
fit has very little sensitivity for mH+ ≈ mW , the upper
limits around 80 GeV/c2 H+ are omitted in the Figure.
The exact values of the upper limits in the Figure 2 are
listed in Table I.
mH+(GeV/c
2) 60 70 90 100 110 120 130 140 150
Expected 0.13 0.19 0.22 0.15 0.13 0.12 0.10 0.10 0.09
Observed 0.09 0.12 0.32 0.21 0.15 0.12 0.08 0.10 0.13
TABLE I: Expected and Observed 95% C.L. upper limits on
B(t→ H+b) for H+ masses of 60 to 150 GeV/c2.
This analysis can set model-independent limits for
anomalous scalar charged bosons production in top quark
decays. Besides the assumption that a scalar boson de-
cays only to cs¯ with zero width, no model-specific pa-
rameter is used in this analysis. Therefore any generic
]2) [GeV/c+M(H



























0.6 Observed @ 95% C.L.
Expected @ 95% C.L.
68% of SM @ 95% C.L.
95% of SM @ 95% C.L.
FIG. 2: The upper limits on B(t → H+b) at 95% C.L for
charged Higgs masses of 60 to 150 GeV/c2 except a region for
mH+ ≈ mW . The observed limits (points) in 2.2 fb−1 CDF
II data are compared to the expected limits (solid line) with
68% and 95% uncertainty band.
charged boson would make a secondary peak in the di-
jet mass spectrum if it decays into a dijet final state like
the H+ → cs¯ in top quark decays. Here, we extend the
search below the W boson mass [20] down to 60 GeV/c2
for any non-SM scalar charged boson produced in top
quark decays, t → X+(→ ud¯)b. This process is simu-
lated for the CDF II detector and is similar to H+ → cs¯.
In the simulation, we obtain a better dijet mass resolu-
tion for ud¯ decays than for the cs¯ decays. The difference
in the mass resolution comes from the smaller chance of
false b-tagging from light quark final states of X+ than
the cs¯ decays, thus resulting in a smaller ambiguity of
jet-parton assignments in the tt¯ reconstruction. Conse-
quently, the upper limits on B(t→ X+(→ ud¯)b) are lower
than the limits on B(t → H+(→ cs¯)b) regardless of the
charged boson mass.
In summary, we have searched for a non-SM scalar
charged boson, primarily the charged Higgs boson pre-
dicted in the MSSM, in top quark decays using lep-
ton+jets tt¯ candidates. This is the first attempt to search
for H+ → cs¯ using fully reconstructed charged Higgs
bosons. In the CDF II data sample of 2.2 fb−1, we find
no evidence of charged Higgs bosons in the dijet mass
spectrum of the top quark decays. Hence, upper lim-
its on B(t → H+b) with 95% C.L. are placed at 0.1 to
0.3 assuming of B(H+ → cs¯) = 1.0 for charged Higgs
masses of 60 to 150 GeV/c2. This analysis also yields
conservative upper limits on any non-SM scalar charged
boson X+ production from top quarks. Based on simula-
tion, we find that the upper limits on the branching ratio
7B(X+ → ud¯) are always better than the upper limits on
B(H+ → cs¯).
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